Replicating bacterial chromosomes continuously demix from each other and segregate within a compact volume inside the cell called the nucleoid. Although many proteins involved in this process have been identified, the nature of the global forces that shape and segregate the chromosomes has remained unclear because of limited knowledge of the micromechanical properties of the chromosome. In this work, we demonstrate experimentally the fundamentally soft nature of the bacterial chromosome and the entropic forces that can compact it in a crowded intracellular environment. We developed a unique "micropiston" and measured the force-compression behavior of single Escherichia coli chromosomes in confinement. Our data show that forces on the order of 100 pN and free energies on the order of 10 5 k B T are sufficient to compress the chromosome to its in vivo size. For comparison, the pressure required to hold the chromosome at this size is a thousand-fold smaller than the surrounding turgor pressure inside the cell. Furthermore, by manipulation of molecular crowding conditions (entropic forces), we were able to observe in real time fast (approximately 10 s), abrupt, reversible, and repeatable compaction-decompaction cycles of individual chromosomes in confinement. In contrast, we observed much slower dissociation kinetics of a histone-like protein HU from the whole chromosome during its in vivo to in vitro transition. These results for the first time provide quantitative, experimental support for a physical model in which the bacterial chromosome behaves as a loaded entropic spring in vivo. chromosome segregation | depletion forces | polymer physics | mother machine | optical trap
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For the much smaller (and biochemically simpler) system of viruses and their genomes, we now have a comprehensive understanding of the role of physical properties of viral DNA on its packaging into and ejection from the capsid (18, 19) . For the much larger (and more easily manipulable) system of eukaryotic chromosomes and spindles, a combination of biophysical and biochemical methods has begun to unravel their micromechanical properties (20) (21) (22) . In contrast, despite some of the earlier pioneering biophysical work (23), experimental progress for bacterial chromosomes has lagged behind, because of compound experimental difficulties (ı.e., small in size but complex in molecular and biochemical detail).
In this work, we measured the force-compression curves (rather than more traditional force-stretching curves) of individual whole bacterial chromosomes in confinement. Because the spatial dimensions of the confinement were comparable to the size of the cell, we developed a new experimental system that brings together imaging, microfluidics, and single-molecule manipulation techniques. Importantly, by combining the microfluidic "mother machine" (24) and an optical trap, we developed the micropiston to compress isolated single chromosomes confined in long narrow microchannels.
The measured force-compression curves are consistent with an entropic spring model (11, 17, 25) . The quantitative agreement between the data and the model allows us to estimate the force and free energy required to compress the in vitro chromosome to its in vivo size. In stark contrast to the viral DNA in a capsid, our experiments demonstrate that the bacterial chromosome is fundamentally "soft" and can be readily influenced by entropic forces. These experimental results, combined with a physical model, provide quantitative and mechanistic insights into the physical nature of the bacterial chromosome.
Results

Experimental System for Gentle and Synchronous Lysis of Cells in a
Confined Space. To investigate the micromechanical properties of isolated bacterial chromosomes in confinement, we had to overcome considerable technical challenges imposed by the 1-μm length scale of the E. coli cell. The small size of the cell prevented the use of micropipettes (20) or microneedles (21) that have been successful in probing much larger eukaryotic chromosomes and spindles. Instead, we started from previous work that demonstrated the proof of principle of bacterial chromosome extraction in a microfluidic device (26) and lysis in suspension (27) . As illustrated in Fig. 1A , the mother machine (24) was ideally suited for this purpose. The E. coli chromosomes could be extracted and confined directly in long microchannels about as wide as the cells. In brief, the cells were loaded into the microchannels. Then, sucrose buffer and lysozyme were added to the media. Synchronous lysis was achieved when this cell wall digestion buffer was replaced with the relatively dilute HEPES buffer at a specific ionic strength dictated by the concentration of NaCl (23) . Experiments were conducted for cells prepared in two different physiological conditions (exponential and stationary phase). To visualize the chromosome, we made use of a previously characterized, fully functional fusion of the fluorescent protein mCherry to one of the most abundant nucleoid-associated proteins, HupA (part of the histone-like HU protein dimer) (28) . Thus, morphological and biochemical changes of the chromosomes during the in vivo to in vitro transition were easily observable ( Fig. 1B-E) .
During the experiments, the biochemical contents of the reservoir main trench were controlled with multiple syringes and a valve. Importantly, this allowed switching from one ambient buffer to another in seconds, without subjecting the chromosomes to direct flow. SI Appendix, Sections I.A.2-4, describes the microfluidic system and lysis protocol in full detail.
Bacterial Chromosomes Show Spring-Like Fast Expansion During Lysis.
Chromosome expansion following cell lysis is a visually striking process (see Movies S1 and S2), starting with an abrupt "explosion" of the chromosome from the cell and continuing with a more gradual equilibration within the new in vitro environment. Fig. 1C shows a typical time series of the expansion dynamics of exponential and stationary phase chromosomes during lysis. Although individual chromosomes exhibited some variation, on average each chromosome showed a 2-to 3-fold expansion to half its equilibrium length in approximately 10 s ( Fig. 1D , green and orange lines illustrating the mean chromosome length). After the fast initial expansion, the chromosomes slowly continued to expand to many times their in vivo volumes over a period on the order of 10 2 -10 3 s before plateauing to their final equilibrium lengths.
The in vitro Chromosomes Show Physiology-Dependent Morphological Dynamics. The chromosomes exhibited distinct morphologies after lysis, likely reflecting their in vivo physiological state. To quantify the morphological dynamics, we employed principal component analysis, a powerful method commonly used in pattern recognition with a wide range of applications in many fields (29, 30) . The basic idea is to extract eigenmodes of the chromosome morphologies from the time-lapse images of each chromosome-containing microchannel. See SI Appendix, Section I.A.7, for full description and analysis.) The top eigenmodes, or the top "eigenChromosomes," often resembled space-filling helicoids of right-handed, left-handed, or mixed handedness. We can visualize the morphological dynamics in a lower dimensional space by projecting the original time-series of chromosome images onto the eigenChromosomes. The projection coefficients form trajectories moving forward in time. Fig. 1E shows such projections onto the top two eigenChromosomes. Notice in Fig. 1E that the exponential phase chromosomes show spiral trajectories and converge to the top eigenChromosomes after on the order of 10 3 s; whereas the stationary phase trajectories decay faster and converge to zero (ı.e., no apparent morphological features) in on the order of 10 2 s. These physiology-dependent morphological dynamics are also consistent with our observations in Fig. 1 C-D and Movies S1 and S2. That is, the exponential phase chromosomes always look more structured, and they equilibrate more slowly than the stationary phase chromosomes ( Fig. 1 C-E). We attribute the differences to different replication topologies, transcription levels, and nucleoid-associated protein activities between the two physiological states (31) .
After Lysis, a Histone-Like Protein HU Dissociates Slowly from the Whole Chromosome. HU is a histone-like protein in bacteria that binds DNA nonspecifically. Phenotypic analyses of HU mutants point to many important roles in global transcription regulation, DNA replication, and DNA repair (31) (32) (33) . Reported in vitro measurements for key parameters such as the dissociation rate (k off ) and the equilibrium dissociation constant (K D ) vary more than 10-fold (34, 35) .
Our system can directly monitor dissociation of HU from the entire chromosomes during the in vivo to in vitro transition. Fig. 2 shows the normalized integrated fluorescence of a functional subunit HUα-mCherry after lysis. The integrated fluorescence exhibited nonexponential decay for approximately 10 3 s. This might reflect a wide range of binding affinities across the whole chromosome. Eventually, all chromosomes showed exponential decay. The dissociation rate from this last stage shows that DNA binding of HU can be remarkably stable: 1∕k off ≈ 523 min for exponential and 68 min for stationary phase chromosomes at 100 mM NaCl. See SI Appendix, Section I A. 6, for full analysis of K D , k on , and k off at NaCl concentrations ranging from 40 to 200 mM.
HU is one of the most abundant nucleoid-associated proteins with high DNA binding affinities (36) . Thus, in light of the separation of time scales, we hypothesize that the fast initial chromosome expansion in Fig. 1 C-D is driven mainly by the release of micromechanical energy stored in the in vivo chromosome, rather than by dissociation of nucleoid-associated proteins. We cannot exclude the possibility that fast dissociation of unlabeled nucleoid-associated proteins or Mg 2þ contributed to chromosome expansion or modulated the unbinding rates of other nucleoid-associated proteins (37) ; however, lysed in suspension (27) , chromosomes expanded to comparable in vitro volumes in the presence and absence of Mg 2þ and adenosine-5′-triphosphate (ATP) (see SI Appendix, Section I D).
The Optical-Trap Micropiston Enables Direct Measurement of the
Force-Compression Curves of the Bacterial Chromosome. Because the chromosome expands like a loaded spring, one should be able to measure its "spring constant." Because confinement is the major physical constraint that characterizes the bacterial chromosome, it was necessary to measure micromechanical properties of individual chromosomes in confinement. To this end, we developed the micropiston, a unique system that couples optical tweezers and the mother machine. Unlike most prior work in single-molecule manipulation that focuses on pulling or stretching biomolecules, the micropiston enables the direct measurement of force-compression curves of in vitro chromosomes ( Fig. 3 and Movie S4).
From the raw force-compression curves (Fig. 3B , Inset), we identified two distinct populations corresponding to one and two nucleoids. Each of these exhibits nonlinear behavior that appears to be asymptotic at high forces.
The next challenge was modeling the data. In general, spatial constraints pose formidable technical barriers to analytical theory. In fact, we found only one theoretical expression for the force-compression behavior of a confined polymer that has been tested against numerical simulations (25) . It is the loaded entropic spring model written by some of us and used to explain, among other phenomena, a physical mechanism of chromosome segregation in bacteria:
where f is the applied force, A ¼ k∕wβ is the rescaled spring constant for the dimensionless spring constant k (w is the width of the piston), β ¼ 1∕k B T (k B is the Boltzmann constant and T the absolute temperature), R the measured chromosome length during compression, and R 0 the chromosome length under no externally applied force. An important implication of Eq. 1 is that, if we rescale R by the equilibrium length R 0 and f by the spring constant A, all data should collapse onto a single master curve. That is, the forcecompression relationship is universal. It can be used to test the polymeric nature of confined chromosomes, independently of molecular details that determine R 0 and A. Indeed, as seen in Fig. 3 , the chromosome data collapse onto a single curve and are in excellent quantitative agreement with Eq. 1 *. Furthermore, the equilibrium force-compression data and Eq. 1 appear to be consistent with the expansion dynamics of the chromosome during lysis (see SI Appendix, Section II.A).
The quantitative agreement between the data and the model allowed us to calculate the force and free energy required to compress the chromosome back to its in vivo size. Extrapolating our data to stronger compression using Eq. 1, we estimated that about 100 pN force and 10 5 k B T free energy are required to fully compress the in vitro chromosome to its in vivo size (roughly 1∕10 of the equilibrium length). Dissociation of HU from whole chromosomes at 100 mM NaCl, after start of acquisition phase with negligible photobleaching. (Main) HU dissociates slowly after lysis (data shown from 100 s after lysis). Initially, dissociation is nonexponential, perhaps due to a wide range of HU binding affinities of the whole chromosome. Eventually, the dissociation kinetics reached an exponential decay regime, from which we estimated the off-rates, k off . Dissociated HU that escaped from the channel via diffusion was washed from the device. (Inset) At the moment of lysis, the integrated HU intensity showed an abrupt initial drop due to loss of cytoplasmic HU. Our measurements allowed us to estimate K D and k on . Movie S3 and SI Appendix, Section I A.6, discuss cytoplasmic HU during lysis in more detail. *Interestingly, Eq. 1 agrees with our chromosome data for a wider range of R∕R 0 (up to R∕R 0 ≈ 0.2) than with the numerical data [up to R∕R 0 ≈ 0.5; (25)]. The difference is perhaps due to the size fluctuations and softness of the chromosomal "beads" (as opposed to the monodisperse hard-spheres of the chain in the simulations). In a polymer-physics language, softer beads will result in more gradual crossover from semidilute to concentrated regimes, in which f ∼ ðR∕R 0 Þ −3 .
Depletion (Entropic) Forces by Molecular Crowding Alone Can Com-
press Chromosomes to in Vivo Size. The findings presented above raised the question of why a nucleoid occupies only a subvolume of the cell but expands to several times the size of the cell upon lysis (Fig. 1 ). Three possibilities have been discussed in the literature (31): nucleoid-associated proteins such as HU and H-NS that can hold DNA together, DNA supercoiling, and the entropic effect of molecular crowding. However, most HU remained on the chromosome during the fast initial expansion of the chromosome after lysis ( Figs. 1D and 2) . Further, recent experiments demonstrated that supercoiling has only a minor effect on the size of in vitro chromosome (38) .
Are depletion forces by molecular crowding sufficient to cause compaction of the chromosome in vivo? A typical E. coli cell contains on the order of one million proteins in the cytoplasm (ref. 2, chap. 3) . Because each depletant has an effect of order k B T (39), the change in free energy due to molecular crowding available for chromosome compaction may be approximately 10 6 k B T. This is about one order of magnitude more significant than the estimated approximately 10 5 k B T free energy stored mechanically in the in vivo chromosomes.
We tested this idea by using high molecular weight polyethylene glycol (PEG 20000) to simulate the crowded cytoplasmic environment in our device (Fig. 4A) . Here, the response of the chromosomes to molecular crowding can be monitored in real time by controlling the ambient buffer. The results were striking. Fig. 4B and Movie S5 show that the addition of high-concentration PEG caused sudden collapse of the chromosomes in microchannels. Conversely, removal of the PEG rapidly restored the chromosomes to their expanded conformations. This compaction-decompaction by PEG was completely reversible and repeatable for many cycles, over the course of more than 1 h, similar to the compression-decompression by mechanical force observed in the micropiston experiments.
We repeated the experiments with a wide range of PEG concentrations. Only at or above the PEG volume fraction comparable to that of cytoplasmic proteins (about 12% to 17%) (40) did we observe compaction of the chromosomes back to their in vivo (11-19%) . In both our theory and the Odjik theory, the volume of completely collapsed DNA is zero. size (Fig. 4C) . These results clearly show that molecular crowding alone can cause compaction of the nucleoid in vitro at a sufficiently high (e.g., in vivo) concentration of depletants. In vivo, however, the effects of molecular crowding may be complemented by contributions from nucleoid-associated proteins and supercoiling. Furthermore, because depletion interactions tend to reduce inter-DNA spacing and thus enhance looping, molecular crowding may indirectly enhance binding of nucleoid-associated proteins. Further work is needed to make quantitative predictions in vivo due to significant differences in microscopic detail between PEG and cytoplasmic proteins.
The Compaction-Decompaction Transition in the Microchannels Appears To Be Abrupt. In the above experiments, we noticed an interesting phase coexistence of compacted and decompacted regions within individual nucleoids (see snapshots with yellow and purple arrows in Fig. 4C ). This, together with the fast collapse of the chromosomes in the presence of high-concentration PEG ( Fig. 4B and Movie S5), is typical of a first-order phase transition and reminiscent of the coil-globule transition of a stiff chain (41) .
To understand the nature of the compaction-decompaction transition, and to explore the extent to which Eq. 1 describes the observed behavior of the bacterial chromosomes, we revised the theoretical approach by Odijk and colleagues (23) . That is, we incorporated Eq. 1 to compute the expected size of a linear entropic spring in response to depletion forces in microchannels. Fig. 4C shows the theoretical predictions against the data. An important prediction of our theory is that the entropic spring (nucleoid) is expected to collapse completely at a concentration of 18% PEG. This compares favorably to the data (11%-19%). Also important, the predicted size of the entropic spring decreases rapidly, albeit continuously, around the transition point. Taken together, the compaction-decompaction transition is consistent with a weakly first-order transition (42) † .
Our conclusion is different from the previous work by Odijk and coworkers, who concluded that the compaction-decompaction transition is second-order (23) (see Fig. 4C for comparison) . In SI Appendix, Section II.C, we show that the results critically depend on the form of the force-compression expression used in the theory.
Discussion
Shape Influences the Volume of the in Vitro Chromosome, Consistent with Polymeric Behavior. When injected into a long narrow tube with open ends, a lump of clay or an agarose gel (polymer gel) maintains constant volume and changes only its shape, whereas a long chain with excluded-volume interactions decreases its containment volume as well (43) . The equilibrium volume of the in vitro chromosomes isolated in microchannels is several times smaller than the ones isolated in the absence of confinement (Table 1 and SI Appendix, Section II.B). This shape-dependent decrease in total chromosomal volume is consistent with a polymer model of the bacterial chromosome (11, 17, 44) .
The Bacterial Chromosome Behaves as a Cross-Linked Polymer. Because the entropic spring model in Eq. 1 describes the force-compression curves remarkably well, it is plausible to model the bacterial chromosome as a linear or ring-like "string of beads," in which molecular details determine the spring constant k. In the bare entropic spring model, the absolute value of k should be of order 1 (25) . In contrast, the spring constant obtained by fitting our data has the much larger magnitude of k ¼ −794 AE 483 ( Fig. 3 and Table 1 ; see also ref. 15 ).
The large numerical value of k is a salient feature of crosslinked polymers (43) . In particular, based on the recent theoretical results by Metzler et al. (45) , we infer that our measured k is directly proportional to the number of cross-links that may tighten large DNA loops (see Fig. 5 , lower right). If we interpret the bacterial chromosome as a linear or ring polymer described by Eq. 1, we can estimate the number of cross-links to be 63 or 284 per cell (see Table 1 and SI Appendix, Section II.B). Similarly, we can also estimate the size of individual "beads" comprising the chromosome, which ranges from 130 to 440 nm (see Fig. 5 and SI Appendix, Section II.B), with the former being in a reasonable agreement with the results obtained by Krichevsky and coworkers using fluorescence correlation spectroscopy (38) .
What constitutes the cross-links is not clear. The nucleoidassociated proteins are the obvious candidates (31) . In particular, although not essential for cell viability (46) , the MukBEF complex is an interesting possibility because of its ring-like structure (47) , role in chromosome organization and segregation (4) , and copy number [several hundreds (46, 48) , comparable to the number of cross-links we estimated above]. Furthermore, MukB binds to DNA very strongly, shows cooperativity, and acts as a macromolecular clamp (49) . Other candidates may include transcription for its direct and indirect effect on chromosome compaction (50) .
Based on our discussion above, two types of nucleoid-associated proteins will influence the physical properties of the chromosomes. The first type, which we will refer to as Type I, changes the local physical properties (e.g., by bending), whereas the second type, which we will refer to as Type II, cross-links the DNA at long distance. Most nucleoid-associated proteins appear to be Type I, whereas MukB (and perhaps H-NS) seems to be Type II. Type I nucleoid-associated proteins will influence the excludedvolume interactions between the beads, whereas Type II may change the effective spring constant significantly (e.g., slip-links) ( Fig. 5 ). It will be of interest to measure how the spring constant will change for the cells that lack a specific type of nucleoidassociated protein.
Comparison with Viral DNA in a Capsid Reveals the Soft Nature of the Bacterial Chromosome. To understand the nature of the forces required to shape and segregate the in vivo bacterial chromosomes, it is useful to highlight the similarities and differences between the viral DNA packaged in a capsid and the bacterial chromosome.
On the surface, both genomes are confined to spaces much smaller than their fully stretched lengths (e.g., 6.6-μm long dsDNA in an approximately 50-nm ϕ29 capsid, and a millimeterlong dsDNA in a micrometer-long E. coli or Bacillus subtilis cell). Also, both virus and bacteria have been shown to package or translocate their entire genome equivalents of DNA using powerful motor proteins that can exert several tens of piconewtons of force [the portal complex for ϕ29 (18) and FtsK/SpoIIIE for E. coli/B. subtilis (51) ]. These force scales are consistent with our data in Fig. 3 . Extrapolation of this result implies that about 100 pN force is sufficient to fully compress the in vitro chromosome to its in vivo size.
However, if we consider the origin of the internal pressure of the capsid and the cell, the two genomes reveal astonishing differences in their materials properties. For the virus, the 50 atmosphere internal pressure of the capsid is a direct result of the strong bending of and electrostatic repulsions between the stiff, negatively charged dsDNA (18, 19) . In stark contrast, the pressure (applied force per μm 2 of nucleoid surface area; Fig. 3 ) required to compress the chromosome to its in vivo size is about a thousand-fold smaller than the approximately 1 atmosphere turgor pressure exerted by the cytoplasm inside the bacterial cell † Although the theoretical results clearly capture the major features of the data, several assumptions/simplifications made in the theory need to be noted. (i) Depletion interactions have an effect only along the long axis of the microchannel. The transverse dimensions of the nucleoid are fixed by the width of the microchannel. (ii) The chain is a homo-polymer, whereas the chromosome may not be. (iii) The chain interacts only with itself through excluded-volume interactions (i.e., we ignore proteins and other potential biological factors). See SI Appendix, Section II.C) for more details. (52) . That is, the bacterial chromosome in vivo is fundamentally "soft."
The softness of the bacterial chromosome, together with the fast timescale of its global motion ( Figs. 1 and 4) , means that entropic forces can readily and dynamically influence the chromosome, from segregation and organization (11, 13, 17, 44) to compaction (3, 23) , as suggested previously and demonstrated in this work.
Conclusions
Chromosomes are the basis of many cellular processes in all living cells, and confinement is the key condition that constrains the physical properties of chromosomes. In this work, we directly measured the micromechanical properties of individual bacterial chromosomes confined in microchannels. We found that the bacterial chromosomes are soft in that the compaction pressures are only approximately 1∕1000 of the surrounding turgor pressure inside the cell. Our view is that the softness is important to understanding the dynamic balance between various intracellular forces acting on the chromosomes in vivo. Many of these forces are entropic in nature (e.g., depletion). They can cause fast, global changes in chromosome morphology and size with only tens of piconewtons of force.
Our measurements were possible because of technological development bringing together imaging, optical tweezers, and a microfluidic device. Although pulling on single-molecules has been well established over decades (53) , pushing molecules has been a much more formidable challenge with few published examples exclusively focusing on a single DNA molecule (54) (55) (56) (57) .
Our optical trap micropiston expands the optical tweezer platform to allow for single-chromosome compression, enabling new studies on the biologically important role of the physical properties and spatial organization of confined chromosomes. For example, our approach could be extended to study the properties and interactions of multiple eukaryotic chromosomes.
Here, underlying biological principles may be revealed if we understand the forces governing the organization of interphase chromosomes in mammalian nuclei (58) and chromosomal individualization in eukaryotes (59) .
In previous work, we suggested how chromosome segregation (demixing) can be driven by physical processes using a confined polymer model (11, 17, 44) . Considering the intriguing quantitative agreement between our measurements and the same model ( Figs. 3 and 4) , physical properties of the bacterial chromosome may indeed provide major driving forces for chromosome segregation in vivo. That is, although the diversity of life is the consequence of evolution, quantitative understanding of the physical properties of biological systems, such as the micromechanical properties of the bacterial chromosomes presented here, may provide deeper insight into the basic processes shared by all life forms. (45) . Upon lysis, the structural units remain mostly intact, although the dynamic bridges either break or stretch. In fast-growing cells, we envision that, on ensemble average, the majority of the DNA mass is found near the envelope. See also Fig. 1B . A possible model is that a significant part of the in vivo chromosome is collapsed onto the envelope assisted by molecular crowding (Fig. 4A) , with the cross-section of the cell as illustrated above. For slowly-growing cells with a smaller cell diameter, the nucleoid on average may occupy the center of the cell (see figure 2 in ref. 17 ). In stark contrast to viral DNA, the E. coli chromosome is soft (see Discussion). 
Materials and Methods
Lysis and Molecular Crowding Experiments. Polydimethylsiloxane (PDMS) microfluidic channels were cast from a master mold, constructed via standard soft lithography techniques as previously described (24) . The PDMS device was passivated with PLL-g-PEG to prevent adsorption of the chromosomes to the inner walls of the device (60 (61). Chromosomes in the microfluidic channels were prepared with BSA passivated microspheres (Spherotech, nominal diameter of 1 μm) included with the lysis buffer. Fluorescent images of channels were taken after lysis to identify channels containing potentially compressible chromosomes and a cell ghost at the open end of the channel (empirically, we found that the cell ghost acted as gasket to create a tight seal, preventing chromosome escape during compression). An optically trapped bead was then aligned with the microchannel and moved relative to the channel to repeatedly compress and decompress the chromosome in 500 nm increments. After the experiment, most beads were individually calibrated by measuring fluctuations of a trapped bead (just outside the channel) at low power and fitting with the blur-corrected power spectrum fit (61) . A detailed description of the experimental conditions and data analysis is in SI Appendix, Section I.B.
Principal Component Analysis. Principal component analysis (PCA) is a method that interprets the distribution of data geometrically. To analyze chromosome morphologies using PCA, we built an image stack for each chromosome. For every frame, the bounding box of the chromosome was computed automatically. The chromosome image in the bounding box was rescaled and interpolated to a fixed size of an L × M matrix using a cubic spline algorithm in Igor Pro (WaveMetrics). Further, each pixel intensity was normalized by the total intensity of the bounding box. The results we reported in this work were insensitive to the choice of L and M.
Once a normalized image-stack of chromosome images has been constructed, we performed a standard PCA. Briefly, we computed an average chromosome profile h~Φ t i from the image stack f~Φ t g, and calculated the residual, δ~Φ t ¼Φ t − hΦ t i, at each time-index t. The main step of PCA is diagonalization of the covariance matrix
where the data matrix A ¼ ½δΦ 1 δΦ 2 …δΦ N . Because C is symmetric, all its eigenvalues are positive real and its eigenvectors~u i form an orthornormal basis that diagonalizes C. The eigenvectors are ordered by eigenvalues, and the resulting ordered set of eigenmodes (~u i ) are the principal components.
To analyze the morphological dynamics of the chromosome, we projected the original chromosome image~Γ into the principal components by the following simple operation, ω i ¼~u T i ð~Γ − h~Φ i iÞ∕j~u i j · j~Γ − h~Φ i ij: [3] The projection coefficient, ω i , has a value between −1 and 1 as seen in Fig. 1D . For example, ω 1 ¼ þ1 means that the system (chromosome) is in the highest eigenmode (first eigenChromosome). SI Appendix, Section I.A.7, provides a full description and the results of PCA of the chromosome expansion data.
Theory. To predict the size of the in vitro chromosomes in the microchannels at a given PEG concentration, we solved the following two equations simultaneously:
where V is the envelope volume of the chromosome (in units of μm 3 ), w o and w i are the weight fraction (in units of g∕ml) of PEG outside and inside V, and F chr ðVÞ is the free energy of the confined chain inferred from Eq. 1 (25) . The first equation describes mechanical equilibrium across the boundary, and the second equation represents chemical equilibrium of PEG. The constants k 2 ≈ 56.75 and k 3 ≈ 99.43 are two-body and three-body contributions calculated without the chromosome (23) . SI Appendix, Section II, provides detailed information about various theoretical methods used in this work.
